Names and locations of sampling sites used in the Crawford-Mammoth Cave
Uplands Ecoregion breakpoint analysis study in Kentucky, 2007-08 Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:°F =(1.8×°C)+32
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (μS/cm at 25°C).
Concentrations of nutrients in water are given either in milligrams per liter (mg/L) or micrograms per liter (μg/L). Concentrations of turbidity are given in Formazin nephelometric units. 
Introduction
In 1996, the U.S. Environmental Protection Agency's (USEPA) National Water Quality Inventory identified excess amounts of nutrients as the second leading cause of impairment in rivers and streams and as the primary cause of impairments in lakes and reservoirs (U.S. Environmental Protection Agency, 1997) . The excess amounts of nutrients, primarily nitrogen and phosphorus, are commonly cited as principal reasons why water bodies in Kentucky do not fully support their designated uses (Kentucky Energy and Environment Cabinet, 2008a) . Many rivers and streams in Kentucky have been listed as impaired streams for nutrients in the state's 2008 Integrated Report to Congress on the Condition of Water Resources in Kentucky (Kentucky Energy and Environment Cabinet, 2008a) . Recently, a model of the Mississippi River Basin found Kentucky was one of nine states that contributes the majority of nitrogen (N) and phosphorus (P) to the Gulf of Mexico, resulting in hypoxia of those waters (Alexander and others, 2008) . Although nutrients are necessary for the growth of plants and animals, excessive amounts can be detrimental to aquatic ecosystems and to the health of organisms living in and using water and can limit human uses of a water body. For example, elevated concentrations of nutrients can lead to excessive aquatic plant growth that can reduce the amount of dissolved oxygen in the water and alter the stream habitat, both of which are critical for fish and other aquatic life. Excessive aquatic plant growth also can interfere with recreational activities, such as fishing, swimming, and boating, and can cause unpleasant taste and odors in drinking water.
In 1998, a new initiative to the Clean Water Act called the Clean Water Action Plan was launched to direct states, in conjunction with the USEPA, to develop numeric criteria for total phosphorus and total nitrogen (causal variables) along with chlorophyll a (CHLa) and turbidity (response variables) (U.S. Environmental Protection Agency, 1998). Although individual states are responsible for establishing their own waterquality criteria, the USEPA recommended ecoregional nutrient water-quality criteria as a baseline and has provided guidance
Breakpoint Analysis and Relations of Nutrient and Turbidity Stressor Variables to Macroinvertebrate Integrity in Streams in the Crawford-Mammoth Cave Uplands Ecoregion, Kentucky, for the Development of Nutrient Criteria
By Angela S. Crain and Brian J. Caskey to states for establishing more precise numeric water-quality criteria for nutrients to protect aquatic life and recreational and other uses of rivers and streams on a site-specific or subregionspecific basis (U.S. Environmental Protection Agency, 2000a and b). The USEPA-recommended ecoregional nutrient criteria are based on USEPA Aggregated Nutrient Ecoregions that are areas with similar geographic features including topography, soils, geology, land use, and biogeography (U.S. Environmental Protection Agency, 2000c and d). The USEPA established recommended nutrient criteria for nitrate as nitrogen (NO 3 -N), total Kjeldahl nitrogen as nitrogen (TKN-N), total nitrogen (TN), and total phosphorus (TP) based on either the 25 th percentile of median concentrations at all sampled sites or the 75 th percentile when only reference-site concentration data are used. Discussions of the USEPA numeric nutrient criteria relevant to this study are limited to TP, TN, and turbidity.
Kentucky is subdivided into seven Level III Ecoregions: Southwestern Appalachians, Central Appalachians, Western Allegheny Plateau, Interior Plateau, Interior River Valley and Hills, Mississippi Alluvial Plain, and Mississippi Loess Plain (Woods and others, 2002) . Because Kentucky has a diverse topography, an empirical regional classification scheme based on river basins, physiographic regions, and ecoregions was developed by the Kentucky Division of Water (http://www. epa.gov/wed/pages/ecoregions/ky_eco.htm#Principal%20 Authors, Woods and others, 2002) to help clarify inherent biological differences in the state (Pond and others, 2003; Pond and McMurray, 2002; and Pond and others, 2000) . For macroinvertebrates, four bioregions have been established: Bluegrass, Mountains, Mississippi Valley-Interior River, and Pennyroyal. Only the Crawford-Mammoth Cave Uplands (USEPA Level IV Ecoregion, 71a) within the Pennyroyal Bioregion was examined in this study.
Although nutrients are nontoxic to biological organisms at most ambient concentrations (Miltner and Rankin, 1998) , relations between nutrient concentrations (causal variables) and biological attributes (response variables) are important for evaluating the effects of eutrophication on river and stream ecosystems. In a typical stressor-response relation, a change in a stressor (causal) variable (TP and TN, in the case of nutrients) results in a corresponding change in a response variable. Significant relations between nutrients and algal biomass have been found in streams (Biggs, 2000; Dodds and others, 2002; Stevenson and others, 2006) . Robertson and others (2006) found significant relations between nutrients and periphyton CHLa in Wisconsin. However, other recent studies in nutrient-rich streams have found no significant relations or weak relations between nutrient concentrations and algal biomass (Figueroa-Nieves and others, 2006; Caskey and others, 2007; Frey and others, 2007; Leer and others, 2007; Lowe and others, 2008; Royer and others, 2008) . The mixed results of these studies suggest that relations between nutrient concentrations and CHLa may not be applicable elsewhere and that developing nutrient-criteria for rivers and streams in nutrientrich areas may be problematic. In addition, nutrient thresholds based on relations between nutrients and algae may not be the same as those between nutrients and macroinvertebrates, because macroinvertebrates are indirect consumers of nutrients and generally are the direct indicators of stream health (Wang and others, 2007) . Thus, using other biological community attributes and metrics (that is, macroinvertebrate communities) could be helpful in developing nutrient criteria for rivers and streams.
Statistical analyses that directly relate eutrophication (stressor) to biological indicators or attributes can be used to develop ecologically meaningful nutrient criteria. Previous nutrient and algal biomass studies have shown mixed results because linear statistical techniques were applied to nonlinear data. Instead, nonlinear statistical techniques (breakpoint analysis) may be better at discerning the relations between nontoxic stressor and response variables and identifying breakpoints (Qian and others, 2003) . Development of defensible nutrient criteria for rivers and streams in nutrient-rich areas will be complex and require intensive data analysis.
In 2007, the U.S. Geological Survey (USGS), the USEPA, and the Kentucky Energy and Environment Cabinet-Kentucky Division of Water began a cooperative study to identify statistically significant and ecologically relevant relations between casual variables (TP, TN, and turbidity) and response variables (macroinvertebrate-community attributes) at 22 sampling sites in the Crawford-Mammoth Cave Uplands ecoregion (USEPA Level IV Ecoregion, 71a) within the Pennyroyal Bioregion as defined by the Kentucky Division of Water (Kentucky Energy and Environment Cabinet, 2003) .
Purpose and Scope
This report summarizes the statistically significant and ecologically relevant relations between the causal variables (TP, TN, and turbidity) and the biological response variables (macroinvertebrate-community attributes) in the CrawfordMammoth Cave Uplands ecoregion within the Pennyroyal Bioregion. Breakpoint analysis was used to detect the concentration of the stressor variables where there was a significant change in the biological response variables. Results of the breakpoint analysis will provide the Kentucky Division of Water with relevant information that could be useful for evaluating which potential macroinvertebrates indicators are most appropriate for the development of nutrient criteria for rivers and streams in the Pennyroyal Bioregion.
Description of Study Area
The 22 sampling sites for this study were selected from the Kentucky Division of Water's Reference Reach Program and are located within the Crawford-Mammoth Cave Uplands ecoregion (part of the Pennyroyal Bioregion). Thirteen sampling sites were located northeast of Bowling Green, Ky., and nine sites were located west and northwest of Bowling Green, Ky ( fig.1 ). Sampling-site drainage areas ranged from 6.99 km 2 to 101 km 2 (table 1) . 
Macroinvertebrate Communities
The macroinvertebrate communities were assessed by the Kentucky Division of Water in May 2008 at 19 of the 22 sites (Kentucky Energy and Environment Cabinet, 2008b) . Community attributes and metric scores were calculated for the macroinvertebrate-community data, and metric scores were determined by Kentucky Division of Water personnel upon completion of the assessments (Kentucky Energy and Environment Cabinet, 2008b) .
Data Analysis
Stressor variables (TP, TN, and turbidity) were analyzed to determine if a gradient (range) was observed, and then the observed data gradients were compared to published trophiclevel boundaries (Dodds and others, 1998) , in the case of nutrients, and published biological impacts (Klein and others, 2008) , in the case of turbidity. The stressor variables were then correlated to the response variable (macroinvertebrate attributes) to identify the statistically and ecologically significant relations among the stressor and response variables. By use of the statistically significant correlations observed as a guide, scatterplots were created between the relations of interest to determine if the relations of interest were ecologically significant. Finally, breakpoints were computed for the ecologically significant relations to determine the concentration of the nutrient variables where the greatest change (breakpoint) was observed in the response variable.
The Crawford-Mammoth Cave Uplands ecoregion is composed of hilly uplands containing cliffs and wide karst valleys (Woods and others, 2002) . Sinkholes, caverns, springs, and subterranean drainage are common; however, surface drainage can be significant. The mean monthly temperature ranges from -6.11°C to 7.78°C in winter (December to March) and 18.33°C to 32.78°C in summer (June to September); the mean annual precipitation in this area ranges from 107 to 130 centimeters (Woods and others, 2002) . Soils in the study area are nutrient-rich and fertile. A mixture of forests, pasture land, and crop land occur; farming is widespread throughout the bioregion.
Study Design and Methods
Nutrient, turbidity, and macroinvertebrate-community data were collected at sampling sites on first-to fourth-order streams in the Crawford-Mammoth Cave Uplands Ecoregion, Kentucky (USEPA Level IV Ecoregion, 71a). The sampling sites ( fig.1 
Site Selection
Twenty-two sites were selected in the Crawford-Mammoth Cave Uplands ecoregion within the Pennyroyal Bioregion to determine how the biotic integrity of the streams responds to changes in nutrient concentrations and turbidity values. The sampling sites were specifically selected by the Kentucky Division of Water as part of their Reference Reach Program (Kentucky Energy and Environment Cabinet, 2003) . This approach is based on the range of natural conditions found in streams with similar physical characteristics and minimal human impact. A typical reference reach watershed contains a high proportion of natural vegetation and has minimal point-source discharges, agricultural land, mining, and urban development. (Dodds and others, 1998) , in the case of nutrients, and published biologicalimpact value (Klein and others, 2008) , in the case of turbidity, were overlaid on the boxplots. Next, the stressor variables were correlated to the response variable using Kendall tau (τ) rank correlation. Environmental data are not normally distributed, so a nonparametric procedure, such as Kendall tau (τ) is the preferred method for determining relations between variables (Helsel and Hirsch, 2002) .
Sample Collection and Processing Methods
In this report, for a correlation to be considered statistically significant, the Kendall tau rank correlation was required to have, at most, a 10-percent significance level (α = 0.10). Although a | τ | with a significance level of 0.10 is considered significant, there is a possibility of introducing a Type I error in which the relation is declared present when the relation is not present (Helsel and Hirsch, 2002) . Several proceduressuch as the Bonferroni correction-are available for adjusting the significance level when performing a large number (or "family") of tests simultaneously (Van Sickle, 2003) . This adjustment reduces the chances of a Type I error at a specific alpha level. Although useful for reducing Type I error, this technique increases the chance of producing a Type II error, in which no relation is declared when a relation is present. Because ecological significance was weighted higher than statistical significance and the data set was small, no Bonferroni corrections were applied to the data analysis for this report.
Bootstrap regression-tree analysis was used in TIBCO Spotfire S+ (TIBCO Spotfire S+® 8.1 for Windows® user's guide, 2008) to determine the concentration where the greatest change was observed for each ecologically significant stressorresponse relation. For the nutrient stressor variables (TP and TN), the mean breakpoints for the ecologically significant attributes from the macroinvertebrate dataset were determined. Confidence intervals for the bootstrap regression-tree analysis were used to determine the confidence intervals at the 90 th percentile of the median breakpoints identified in the regression-tree analysis. Bootstrapping simulates the results of repeated experiments based on the observed data by randomly selecting subsets of the observed data. The approach used in the bootstrap regression-tree preserved sampling along a gradient and allowed for the variables of the distribution to change along that gradient. This was done by defining groups of data along the environmental gradient and forcing the bootstrap to resample within those groups, thus preserving the gradient and also the variability of the distribution. Mueller and Spahr (2006) found that streams within the Midwest, including Kentucky, have some of the highest nutrient loadings in the United States. Although streams for this study mostly were sampled during periods of stable lower flow conditions, which typically have lower nutrient levels (Lowe and others, 2008), many streams within the study were nutrient enriched, based on the trophic classification by Dodds and others (1998). The median values for each of the three stressor variables were calculated from the 9-11 samples collected at each site from September 2007 to May 2008. Stressor variables, specifically TP, and TN (NO 2 +NO 3 -N plus TKN), were censored to one-half the reporting limit for each variable. The detection limit for TP was 0.01 mg/L with about 6 percent of the samples having values less than the detection limit. The macroinvertebrate-community data were evaluated in three ways to aid in the understanding of the distribution of the nutrient concentrations and relations between nutrient concentrations and the macroinvertebrate response variables. First, the stressor variables were (1) examined for distribution, and (2) examined for relations among the stressor variables. Second, the stressor variables were examined for relations between the stressor and macroinvertebrate response variables, and the ecological significant relations were further examined to determine the breakpoints. Third, the computed breakpoints were compared to Dodds' trophic classification levels for nutrients and Klein and others (2008) biological impact classification for turbidity.
Distribution of the Nutrient and Turbidity Variables

Summary of Macroinvertebrate-Community Attributes
Eighteen macroinvertebrate attributes were used to characterize the macroinvertebrate data (Appendix 2). These attributes included taxa richness (TR, 1 attribute), total number of individuals (TNI, 1), relative abundance or total number of insect orders (6), insect families (3), and insect genera (2), feeding classifications (1), and pollution tolerance (3) (table 4). The Hilsenhoff Biotic Index (HBI, Hilsenhoff, 1988) , the Hilsenhoff Family Level Biotic Index (Family HBI), and the average pollution tolerance value (Average TV) represent the stress response of the macroinvertebrate assemblage to organic pollution. Both the HBI and Family HBI are based on a 1 to 10 scale, with 1 being the least tolerant and 10 being the most tolerant. Average tolerance values (Average TV) are based on the same scale as the HBI and Family HBI. The macroinvertebrate attributes used are summarized in table 4.
Relations between the Nutrient and Turbidity Stressor Variables
The strongest and most frequently significant correlations (| τ |) between the stressor variables were between concentrations of TP and TN (table 3) . This strong correlation suggests the relatively even distribution of nutrient concentrations measured in the streams in the Crawford-Mammoth Cave Uplands ecoregion within the Pennyroyal Bioregion. An additional factor that may help understand the trophic status and functioning of streams is turbidity. Turbidity is an optical property defined as the measurement of light commonly scattered at 90 degrees to the incident light by suspended particles in an aqueous medium (Uhrich and Bragg, 2003) . Turbidity can be used as a surrogate for suspended sediment (Rasmussen and others, 2009), and it potentially can be used as an indicator of increasing algal biomass caused by nutrient enrichment. Median and maximum turbidity measurements were compared to 25 Formazin nephelometric units (FNU), a turbidity biological impact classification (Klein and others, 2008) . Part of the reason for the low median turbidity values in this study was because samples generally were collected during stable, lowerflow conditions. Of the stressor variables studied, turbidity could be the most misleading when assessing the trophic level of streams, because headwater and wadable streams generally have lower turbidity. This is especially true for study designs that sample only during stable, low-flow conditions, but the alternative design of collecting samples only during elevated flow would overestimate turbidity. Fourtteen taxa include three EPT genera (Chemumatophyche, Baetis, and Stenacron), one crustacean genus (Lirceus), two snail genera (Physella and Elimia), two beetle genera (Psephenus and Stenelmis), one black fly genus (Simulium), four midge genera (Polypedilum, Pheotanytarsus, Cricotopus and Chironomus), and aquatic worms (Oligochaeta). correlated with both the median concentrations of TP and TN and showed an increasing trend with increasing nutrient concentrations ( fig.2) . Two additional attributes, EPT richness and Average TV, were also strongly correlated with median concentrations of TP (table 5) . The EPT richness decreased as median concentrations of TP increased ( fig.3) . The EPT taxa are generally intolerant of nutrients, so the richness of EPT taxa would be expected to decrease with higher concentrations of nutrients. A consequence of decreasing diversity and quality of the macroinvertebrate community is the potential negative impact on the fish community. The Average TV increased as median concentrations of TP increased (fig.4) . This relation suggests the presence of more tolerant benthic arthropods and poorer water quality.
Distribution of the Macroinvertebrate Communities and Their Relations to Nutrient Stressor Variables
Many of the macroinvertebrate-community attributes (13 of 18 attributes) were significantly and ecologically correlated with at least one of the TP or TN statistical measures (table 5) . Three attributes, TNI, Ephemeroptera, Plecoptera, and Trichoptera (EPT) richness, and Average TV, were chosen as the best macroinvertebrate measures and used for additional detailed investigation. Correlation analysis and scatterplots indicated that these attributes were the most responsive to differences in nutrient concentrations. The TNI index was more strongly correlated with nutrient concentrations than the other attributes. The TNI index was most significantly 
Macroinvertebrate-Community Breakpoints of the Nutrient Stressor Variables and Implications for Developing Nutrient Criteria in the CrawfordMammoth Cave Uplands Ecoregion
Regression-tree analyses were performed to define specific breakpoints (thresholds) in the stressor-response relations. The strongest and most ecologically significant of these relations and their breakpoints are listed in table 5. All of the breakpoint values for TP and TN were statistically significant at p-value < 0.10.
The breakpoint values identified by the regression-tree analysis in the responses to changes in median concentrations of TP were 0.032 mg/L to 0.035 mg/L (table 5). The ranges in the significant breakpoint values in the response to changes in median concentrations of TN were 1.0 mg/L to 1.1 mg/L (table 5). The positive response of the total number of individuals (TNI) index, which is most strongly correlated with nutrients, is shown with respect to median concentrations of TP and TN in figure 2. In general, TNI increased as nutrient concentrations increased. Other strong responses based on correlation analysis and scatterplots were between median concentrations of TP and EPT richness and Average TV attributes. The median concentration of TP increased as EPT richness decreased, with a mean breakpoint of 0.032 mg/L ( fig.3 ). This relation suggests that as the diversity and quality of the macroinvertebrate community decreases, the impact on the fish community potentially becomes more negative. The breakpoint value found for Average TV (0.032 mg/L) matched the EPT richness index. However, the response was positive between Average TV and the median concentration of TP, so as the median concentration of TP increased, the Average TV index increased (fig.4) .
The average median concentration of TP (0.033 mg/L) associated with the biological breakpoints in this study (table 5) 
Macroinvertebrate Communities and the Comparison of Trophic Classification for Nutrient Concentrations and Turbidity Values
Trophic state is a classification system designed to "rate" rivers and streams based on the amount of biological productivity occurring in the water. To assess the trophic state of each stream, the breakpoints of the median stressor concentrations for TP and TN were compared to Dodds' trophic classification. Dodds and others (1998) proposed classifying streams into trophic-state conditions similar to those developed for lakes and reservoirs (U.S. Environmental Protection Agency, 2000). The approach used by Dodds and others (1998) was based upon establishing statistical distributions of TP, TN, and periphyton and seston CHLa using existing data. Three trophic-state conditions are classified as oligotrophic, mesotrophic, and eutrophic. Dodds and others (1998) classified the oligotrophic-mesotrophic boundaries of Midwest streams as 0.025 mg/L for TP and 0.70 mg/L for TN, and the mesotrophic-eutrophic boundaries as 0.075 mg/L for TP and 1.5 mg/L for TN.
Based on Dodds' trophic-state conditions, streams in this study were most often classified as eutrophic, based on the distribution of median TP concentrations (44 percent of values), and mesotrophic-eutrophic, based on the distribution of maximum TP concentrations (94 percent of values) ( fig.5) . Comparison of the average biological breakpoint for the median concentration of TP (0.033 mg/L) to Dodds' trophic classification for TP indicates streams in the Pennyroyal Bioregion would be classified as mesotrophic-eutrophic. The average biological breakpoint for the maximum concentration of TP of 0.156 mg/L found in this study was more than two times higher than the trophic levels Dodds and others (1998) describe as hypereutrophic.
The trophic-state stream classifications based on median and maximum TN concentrations were similar to those for the median and maximum TN concentrations, with 56 percent of TN values considered eutrophic and 69 percent of TN values considered mesotrophic-eutrophic ( fig.5 ). The average biological breakpoint for the median concentration of TN (0.93 mg/L) indicates that streams in the Pennyroyal Bioregion would be classified as mesotrophic-eutrophic according to Dodds' trophic classification for TN. The average biological breakpoint for the maximum concentration of TN (1.8 mg/L) is slightly higher than Dodds' mesotrophic-eutrophic boundary (1.5 mg/L).
An additional factor that may aid understanding of the trophic status and functioning of streams is turbidity. Turbidity can be used as a surrogate for suspended sediment (Rasmussen and others, 2009), and it could be used as an indicator of increasing algal biomass caused by nutrient enrichment. No biological breakpoints in relation to turbidity measurements were reported in this study, because no significant correlations were shown. However, median turbidity measurements were compared to 25 FNU, a turbidity biological impact 5) . No sites were impacted adversely using median turbidity values for macroinvertebrates, but more than 89 percent of the sites were impacted using maximum turbidity values for macroinvertebrates based on the 25 FNU biological threshold used by Klein and others (2008) . Part of the reason for the low median turbidity values in this study was that samples generally were collected during stable, lower flow conditions. Of the stressor variables studied, turbidity could be the most misleading when assessing the trophic level of streams, because headwater and wadable streams generally have lower turbidity. This is especially true for study designs that sample only during stable, low-flow conditions, but the alternative design of collecting samples only during elevated flow would overestimate turbidity.
Summary and Conclusions
Nutrients are essential to the development, health, and diversity of plants and animals in surface waters, yet excessive inputs of nutrients into streams have potential human-health, economic, and ecological consequences. Kentucky is part of the nutrient-rich Midwest, which leads the nation in corn and soybean production; these row-crops require the use of significant amounts of nutrients-primarily from fertilizer and manure for their production. Within the United States, streams sampled within the Midwest have some of the highest nutrient concentrations and loading, which contributes to the hypoxia issue in the Gulf of Mexico. Studies using breakpoint analysis in Wisconsin and Indiana found that indicators, such as biological-community attributes and metrics, could be helpful for developing nutrient criteria for streams in such nutrientrich regions.
The USGS and the KDOW collected water-quality and biological data in 22 wadable streams throughout the Crawford-Mammoth Cave Uplands ecoregion within the Pennyroyal Bioregion from September 2007 to May 2008. These samples were collected to determine if the changes among macroinvertebrate-community attributes and metrics were statistically and ecologically related to changes in stressor (TP, TN, and turbidity) variables. Breakpoint analysis was used for the most statistically significant and ecologically relevant relations to find the concentration of the stressor variables where the greatest change occurred with the biological species and community attributes and metrics.
Median concentrations of stressor variables ranged from 0.016 mg/L to 0.182 mg/L for TP and 0.39 mg/L to 4.9 mg/L for TN within the macroinvertebrate dataset. Median turbidity values ranged from 2.4 FNU to 14 FNU.
Many macroinvertebrate-community (13 of 18) attributes were statistically significant (p-value < 0.10) and ecologically relevant in relation with concentrations of TP and TN, suggesting that nutrients have direct or indirect links with those biological communities in wadable streams in the Crawford-Mammoth Cave Uplands ecoregion within the Pennyroyal Bioregion. Correlation analysis and scatterplots indicated three macroinvertebrate-community attributes (Total Number of Individuals, Ephemeroptera-Plecoptera-Trichoptera richness, and Average Tolerance Value) were the most responsive to differences in nutrient concentrations.
Breakpoints for the macroinvertebrate-community attributes were generally consistent with a mesotrophiceutrophic status when using median nutrient concentrations. The macroinvertebrate attributes breakpoint values in the responses to changes in median concentrations of TP range from 0.032 mg/L to 0.035 mg/L. The ranges in the significant breakpoint values in response to changes in median concentrations of TN were 1.0 mg/L to 1.1 mg/L.
The goal of the study was not to develop numeric nutrient criteria, but to demonstrate the breakpoint analysis approach between nutrient concentrations and some aspects of macroinvertebrate attributes and metrics. Although the sample size was small, this study found meaningful relations between nutrient concentrations and changes in macroinvertebrate attributes and metrics in the Pennyroyal Bioregion. The average biological breakpoint value for concentrations of TN (1.1 mg/L) in this study was not similar to the USEPA proposed numeric TN criteria for rivers and streams (0.69 mg/L). This finding suggests that setting the TN criteria to that criteria proposed by the USEPA would be conservative and that many rivers and streams in the Pennyroyal Bioregion would be considered impaired, despite the use of biological-community attributes that indicate acceptable water-quality conditions. The average biological breakpoint in relation with median concentrations of TP (0.033 mg/L) was similar to the USEPA proposed numeric TP criteria (0.037 mg/L) for rivers and streams in the study area.
Results from this study demonstrate that macroinvertebrate attributes and metrics can be used to evaluate relations between concentrations of nutrients and macroinvertebrate communities. In addition, breakpoint values in nutrient concentrations can be identified. With additional biological data (such as diatoms, CHLa and fish), the biological assessment of macroinvertebrate communities has a greater potential for success in developing and refining numeric nutrient criteria in the Pennyroyal Bioregion.
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